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ABSTRACT

Tempersture histories of various nozsle materials systems were
anslyzed perametrioally, snd a series of hot-flow tests were conducted
in support of the anslytical study, The analysis showed that chamber
pressure and gas tempsreture affect durstion capability significantly,
but throat dismster does not. Thermophysical properties of the flame
barrier and heat sink also affect duration, but, by camperison, the
effect of variations of thermophysical properties of the insulator and
losd-bearing member is relatively amell, High product of density and
heat oapacity, and moderately high thermal conductivity, are desirable
for the flame barrier snd heat sink. The heat trensfer anelysis indicated
that significant increases in nozzle durstion capability are possible
when properly oriented snjisotropic material is used. Tests of six nozzles
with varying tungsten flame barrier thioknesses showed fairly good
agreament between calculated temperatures and measured data when no
aluninum oxide was deposited on the walls, When deposition ocourred,
the messured temperetures vere lower than those celculated; but the
temperatures could be brought close to agreement by considering the
thermal blocking effect of the deposit.

PUBLICATION REVIEW

Tais report hes been reviewed and is approved.

2 A

W. G. RAKE

Chief, Cersmics and Graphite Branch
Metals and Cerammics Laboratory
Directorate of Materials snd Processes

FOH THE COMMANDER:

i1



TABLE OF CONTENTS

SECTION
I. INTRODUCTION
II. ANALYTICAL STUDIES

111,

v,

VI.
VII,

VIIL,

A, PROCEDURE

B. THREE-MATERIALS SYSTEMS
C. FOUR-MATERIALS SYSTEMS
D

. EFFECT OF UNCERTAINTIES IN THERMO-
PHYSICAL PROPERTIES

E. EFFECT OF ANISOTROPY

TEST PROGRAM

A, TEST OBJECTIVES

B. NOZZLE DESIGN

C. TEST CONDITIONS AND EQUIPMENT
D. PROCEDURES

E. TEST RESULTS

F. . CORRELATION OF TEST DATA
CONCLUSIONS

A, ANALYSIS

B, TEST PROGRAM
RECOMMENDATIONS

A, MATERIALS RESEARCH AND DEVELOPMENT
B. NOZZLE BEHAVIOR INVESTIGATION
BIBLIOGRAPHY

APPENDIX I - CALCULATION OF HEAT TRANSFER
COEFFICIENTS

APPENDIX II - TABULATION OF OUTPUTS

114

PAGE

w VNV -

14

18
21
23
23
23
24
26
27
28
31
31
32
33
33
34
35

80
86



~N o e

LIST OF TABLES

Likely Nozzle Materials

Range of Thermophysical Propérty Data for Nozzle
Materials

Representative Material Properties of Reference -System

Materials

Representative Material Properties of Heat-Sinks
Location of Thermocouples

Summary of Test Results

Calculation of Oxide Film Conductivity from Test Data

iv

PAGE
37
38

39
39

41
42



e ————— - 6 o o o2 ‘s

By

]

FIGURE

{

N 0N b W

10

i1

12

13

14
15

16

17

18

19
20

21
22
23
24

LIST OF FIGURES

Minimum Nozzle Weight for Tungsten-Asbestos
Phenolic -Steel

Minimum Nozzle Weight for Various Chamber Pressures
Minimum Nozzle Weight for Various Gas Temperatures
Minimum Nozzle Weight for Various Throat Diameters
Optimum Nozzle Duration for Several Design Variables
Nozzle Duration Capability for Constant Weight

Temperature Distribution in Infinitely Thick Hollow
Cylinder

Effect of Radius of Curvature of Throat Upon Throat
Temperature

Nozzle Models Used for Calculation of Effect of Throat
Radius of Curvature

Effect of Thermophysical Properties Upon Optimum
Duration

Effect of Thermophysical Properties Upon Duration for
Constant Weight Systems

Effect of Maximum Allowable Material Temperature
Upon Nozzle Weight and Duration

Effect of Dimensionless Temperature Ratio Upon
Optimum Duration

Effect of Heat-Sink Thickness Upon Duration

Effect of Heat-Sink Thermophysical Properties Upon
Duration

Effect of Density or Heat Capacity Errors Upon Exposed
and Insulated Surface Temperatures

Effect of Thermal Conductivity Errors Upon Insulated
Surface Temperature

Comparison of Temperature Distributions Calculated
by Using Constant and Variable Thermal Properties

Conceptual Design of Nozzle Utilizing Pyrolytic Graphite

Comparison of Temperature Distributions at 93 Seconds
in Nozzles With and Without Pyrolytic Graphite

Test Nozzle Designs

Aft Closure Assembly

Typical Aft Closure Assembly Before Firing
Postfiring Photographs of Nozzle Exits

PAGE

43
44
45
46
47
48

49

50

51

52

53

54

55
56

57

58

59

60
61

62
63
64
65
66



FIGURE

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

42
43
44

45
46

47

LIST OF FIGURES (cont.)

Pressure-vs-Time Curve for Test No, 5
Temperature-vs-Time Curves for Test No, 5
Pressure-vs-Time Curve for Test No, 4
Temperature-vs-Time Curves for Test No. 4
Pressure-vs-Time Curve for Test No., 2
Temperature-vs-Time Curves for Test No. 2
Shadowgraph of Test No. 2 Nozzle Insert
Pressure-vs-Time Curve for Test No, 3
Temperature-vs-Time Curves for Test No, 3
Shadowgraph of Test No. 3 Nozzle Insert
Pressure-vs-Time Curve for Test No. 6
Temperature-vs-Time Curves for Test No, 6
Shadowgraph of Test No. 6 Nozzle Insert
Pressure-vs-Time Curve for Test No. 1
Temperature-vs-Time Curves for Test No. 1
Shadowgraph of Test No. 1 Nozzle Insert

Aluminum Oxide Deposit Thickness as a Function of
Tungsten Throat Thickness

Entrance Section of Test No. 2 Nozzle Insert After
Firing

Comparison of Test No. 4 Data with Calculated
Temperature Histories

Comparison of Test No. 5 Data with Calculated
Temperature Histories

Comparison of Temperatures Based on One- and Two-
Dimensional Heat Transfer Calculations for Test Nozzle
No. 1

Comparison of Temperatures Based on One- and Two-
Dimensional Heat Transfer Calculations for Test Nozzle
No. 2

Comparison of Test Data with Calculated Temperature
Histories for Various Heat Transfer Coefficients

PAGE

67
67
68
68
68
69
69
70
70
70
1
71
71
72
72
72

73

74

75

76

77

78

79



FIGURE
H

LIST OF FIGURES (cont, )

Appendix I - Average Values of c 0‘4k0' 6 for Ten

[TR'N
Polyurethane Propellants
Appendix I - Throat Heat Transfer Coefficient as a

Function of Chamber Pressure and
Throat Diameter

vii

PAGE
84

85



R e tm v ann

w o

(2]

G B

9 3 »
o

o ©

o

LIST OF SYMBOLS

inner radius

outer radius

Biot modulus

specific heat

throat diameter

Fourier modulus

heat transfer coefficient
thermal conductivity
chamber pressure
radius ratio

gas temperature

initial material temperature
density

time

viig



—.—1

I INTRODUCTION

The trend in chemical rocket propulsion is toward the development of
'- propellant with higher combustion temperatures. As propellant gas tempera-

tures reach and exceed the melting points of most known materials, the prob-

lem of what nozzle materials to use becomes more difficult to solve. As a

prelude to the development of nozzle-materials systems for use in future high-
performance solid rocket motors, this theoretical and experimental investi- ;
I gation was undertaken. The effects of nozzle design and materials variables

on systern duration capability were described to indicate the most promising

areas for subsequent materials research and development,

Many complicated factors enter into a proper understanding of nozzle
materials behavior, but the role played by heat transfer is basic to all. The
investigation was accomplished primarily through an analytical parametric
study of the temperature histories of various nozzle systems. A series of
nozzle test firings was made in support of the analytical work. Other areas
of interest, such as thermal stress and erosion characteristics, were not con-

| sidered here.

As materials for use at high temperatures are developed, the question
arises of how accurately one needs to know the thermophysical properties to
design a nozzle materials systermn. Consequently, the effects of errors or un-
certainties in thermophysical properties were also studied, and their relative

importance was determined.

Manuscript released May 1961 for publication as a WADC Technical Report,
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II. ANALYTICAL STUDIES

A, PROCEDURE

The current study was conducted with both three-material and

| four-material model systems. The three-materials system consists of a
high-temperature flame barrier, an insulator, and a load-bearing member.

i The four-materials system consists of a high-temperature flame barrier, a

high-temperature heat sink, an insulator, and a load-bearing member,
The design variables investigated were the following:

. Chamber pressure

. Gas temperature

1

2

3. Throat diameter

4, Radius of curvature of the throat
5. Material thickness

The material variables investigated were the following:

1. Thermal conductivity
2. Product of density and heat capacity

3. Maximum allowable material temperature

Table 1 is a list of some materials that have been used, are cur-
rently being develpped for use, or are suggested by this study for use in nozzles.

They are grouped by distinguishing characteristics and their function in a three-

i or four-materials systemm. The range of thermophysical properties of these
materials is compiled in Table 2.

In determining the effects of the design and materials variables, the
following procedure was used. Material thicknesses were arbitrarily chosen and
put into a digital computer (either the IBM 704 or IBM 7090 were used) along with
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II, A, Procedure (cont,)

other design data and material properties. This was basically a parametric
study; constant material properties were chosen that'were representative of
values for actual materials. The analysis assumed one-dimensional heat
transfer to a hollow cylinder; in some cases, however, two-dimensional,
axisymmetric heat-transfer calculations were made. The values used for

the convective coefficients of heat transfer to the nozzle wall were typical of
alumirized polyurethane propellants, assuming no particle deposition (see
Appendix I). The computer outputs, which were temperature histories, were
then evaluated to determine the effects of the variables of interest, The com-

puter program and the outputs are discussed more fully in Appendix II.

A single three-materials system and a basic set of design condi-
tions were chosen as references. The reference system was tungsten-asbestos
phenolic-steel. The basic design conditions were 1000 psi chamber pressure,
7000°F gas temperature, 4-in, throat diameter, and a throat radius of curva-
ture-to-throat radius ratio of infinity (the case for a hollow cylinder). Repre-
sentative material properties used for the reference system are listed in

Table III.

Design conditions and material properties were varied in turn.
The four-materials system was studied by introducing heat sinks with various

properties and evaluating the effect on temperature distribution and duration.

In most cases, conditions were investigated only at the throat.
However, the methods used can be extended to other parts of the nozzle by se-

lecting the appropriate combination of chamber pressure and throat diameter.



II, Analytical Studies (cont.)

B. THREE-MATERIALS SYSTEMS

!
1. Effect of Design Variables on Duration Capability

a. Optimum Duration

Nozzle material thicknesses may be represented by
nozzle weights per unit length. The minimum weight of a particular nozzle
materials system, for a specific set of design conditions, is obtained when
the material thicknesses are minimum and the maximum allowable tempera-
ture of any of the materials is not exceeded. For a particular chamber pres-
sure, gas temperature, throat diameter, and materials system, there is a

minimum nozzle weight for each duration.

Nozzle weight per unit length at the throat section is
plotted as a function of duration in Figure 1 for the reference system, tungsten-
asbestos phenolic-steel, and for design conditions of 1000 psi, 7000°F, and
4.0-in, throat diameter. The flame barrier and insulator thicknesses were
minimized at each duration and the steel thickness was kept constant at 0.25
in. This thickness of steel does not absorb any significant amount of heat and
could have been neglected in the heat transfer calculation. Small changes in
insulator thickness will have a great effect on steel temperature, but a negli-
gible effect upon weight. For example, the following sets of thicknesses re-
sult in weights per unit length and surface and interface temperatures at the
end of 120 sec:

Asbestos Asbestos
Tunjsten Phenolic Steel Tunﬂen Phenolic Steel
Thickness, in. 3.350 0.250 0.250 3.350 0.200 0.250
Temperature, °F 6109 3010 376 6109 3020 1271
Wt/length, 1b/in, 55.46 55,33
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II, B, Three-Materials Systems (cont.)

A 0,050-in, change in insulation thickness results in a 900°F change in steel
temperature, but a difference of only 0. 13 lb/in. in throat weight per unit length.
For this reason, it was considered sufficient to have the steel within a few hun-
dred degrees of its allowable temperature when calculating minimum nozzle

weight. .

The initial weight increase shown on the curve of Figure 1{
is nearly proportional to the duration increase. Then, the slope of the curve
changes abruptly and small additional increases in duration are accompanied by
very large increases in throat weight per unit length. At short duration, the
maximum allowable temperature is reached only in the insulator and load-bear-
ing members, but not in the flame barrier. At higher durations, on the steep
portion of the curve, the flame barrier and load-bearing members reach their

limiting temperatures, but the insulator does not.

At the point where the slope of the curve changes ab-
ruptly, and only at this point, the maximum allowable temperature is reached
simultaneously in all three materials. If we consider that maximum use is
made of a nozzle material when it is heated to the highest temperature it can
withstand under the given conditions, then only at this point is maximum use
made of each material in the system. For this reason, the point is called an
optimum point, and the duration at which it occurs is called an optimum dur-
ation. For the three-materials system, the optimum duration is a practical
indication of duration capability because, once reached, nozzle duration can
be extended only a short time by increasing the material thickness. Soon a
point will be reached at which no further increases in duration are possible,

unless some of the design conditions are changed.

Figure 2 shows the effect of chamber pressure on the
position and shape of curve shown in Figure | for throat weight per unit length
vs duration. Decreasing the chamber pressure results in an increase in opti-

mum duration. At chamber pressures of 600 psi and below, the optimum



II, B, Three-Materials Systems (cont.)

duration is so great (beyond 350 sec) that it is not shown on the curve, Although
such high durations are beyond any contemplated for the forseeable future, they

are valid as a measure of the relative effect of chamber pressure,

Figures 3 and 4 show the effects of gas temperature and
throat diameter, reapectively, on minimum nozzle weight. An increase in gas
temperature results in a decrease in optimum duration. An increase in throat
diameter results first in a decrease then a small increase in optimum duration.
This effect of increasing throat diameter is the result of the balancing of two
effects: (1) the increased heat transfer to the wall due to the geometry change
(increased ratio of inner-to-outer diameter), and (2) the decreased heat trans-
fer to the wall d'\e to 2 decrease in the convective heat transfer coefficient
(resulting directly from the increased diameter). At higher diameters, the

curve changes a slope a short distance above the indicated optimum point.

The relationship between the design conditions and opti-
mum duration is shown more ciearly in Figure 5. Here, optimum duration is
plotted as a function of chamber pressure, gas temperature, and throat diameter,
Each curve was obtained by cross-plotting the optimurn points shown in Figure 2
through 4 as a function of the design variable, Small increases in chamber pres-
sure or gas temperature result in very large decreases in optimum duration, but,
by comparison, a change in throat diameter affects optimum duration very little.

Increases in optimum duration that result from decreases
in chamber pressure or gas temperature always result in nozzle weight increases.
This is because a decrease in pressure or temperature requires an increase in
material thickness for the same allowable temperatures to be reached simulta-
neously in all three materials, It is therefore of interest to investigate the effect

of these variables on systems of equal weight.



II, B, Three-Materials Systems (cont.)

b. Duration Capability for Systems of Constant Weight

The manner in which chamber pressure and gas tem-
perature affect duration for systems of equal throat weight per unit length is
shown in Fignure 6., Nozzle duration capability is plotted for the tungsten-as-
bestos phenolic-steel system as a function of the design variable, for constant
throat weight per unit length. The curves show a significant decrease in dur-
ation capability with an increase in either chamber pressure or gas temperature,.
This decrease becomes more marked at higher durations. Also shown on these
curves is the optimum duration. At or near the optimum line, the direction of
curvature changes. Above the optimum point, weight increases very rapidly
for small increases in duration. A similar curve could be drawn for throat

diameter, showning a generally similar trend.
c. Maximum Duration Capability

While the optimum duration is a practical indication of
duration capability of a particular system at specified conditions, operation
above the optimum may sometimes be necessary. Above the optimum, nozzle
duration can be extended a short time by increasing the flame barrier thickness.
Eventually, a point would be reached when any further increases in flame barrier
thickness would not result in an increase in the time necessary for the surface
temperature to reach a predetermined value (the maximum allowable material
temperature). Finding this maximum duration is equivalent to the problem of
heat transfer to an infinitely thick hollow cylinder, which was solved by Carslaw

(1)

and Jaeger' °, The solution is plotted in Figure 7.

1. H. S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids, 2nd Edition,
p. 338.




II, B, Three-Materials Systems (cont.)

Application of this solution to the reference case shows
that the maximum duration for the tungsten-asbestos phenolic-steel system
lies between 210 and 280 sec (the curve cannot be read any more accurately in
this region). The optimum duration for this case is 120 sec.

d. Effect of Radius of Curvature at Throat

The effect of the radius of curvature at the throat was
determined by comparing temperature histories of nozzles with different ratios
of throat radius of curvature-to-throat radius. The heat transfer calculations
in this case were two-dimensional asisymmetric. Results for the tungsten-
asbestos phenolic-steel system are shown in Figure 8. The curves in Figure 8
show temperature-time distributions in the throat sections of nozzles with radius
ratios of 0.5, 2, and infinity; the case for infinity corresponds to a hollow cy-
linder. The nozzle configurations are shown in Figure 9. Each nozzle has a
15-degree exit-cone half-angle and a 29-degree approach-section angle. The
difference in surface temperature which results from using two different radius
ratios (0.5 and 2.0) is approximately 1%, and the difference in duration which
results is approximately 8%. A similar curve was calculated for a nozzle with
a bell-shaped exit section but is not shown. It would lie between the cases for
radius ratios of 0.5 and 2.

The curves shown in Figure 8 also provide a compari-
son between one- and two-dimensional heat transfer calculations. The surface
temperature calculated assuming one-dimensional heat transfer is 3.2% lower
than the closest two-dimensional case, and the duration is nearly 40% greater
(based on the two-dimensional case). This result is not universal for all one-
vs two-dimensional heat transfer calculations, however. The size and shape
of the nozzles being compared are important factors. For example, in the two
test nogzles for which both one- and two-dimensional heat transfer calculations
were made, the temperature calculations assuming one-dimensional heat trans-

fer was slightly higher,
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II, B, Three-Materials Systems (cont.)

2. Effect of Material Variables

a. Thermophysical Properties

The material variables of primary interest are the
thermophysical properties -- thermal conductivity, the product of density

and specific heat (p cp), and the maximum allowable material temperature.

The effects of the thermophysical propertieva on opti-
mum duration are shown graphically in Figure 10. Optimum duration is
plotted as a function of thermal conductivity for two products of density and

specific heat for the insulator and the flame barrier.

The products of density and specific heat shown are
approximately equivalent to those for tungsten (41.3 Btu/cu ft-°F), titanium
carbide (76.5 Btu/cu ft- °F), asbestos phenolic (41.9 Btu/cu ft-°F), and porous
silicon carbide (12.5 Btu/cu ft- °F). The other figures shown on the graph are
throat weight per unit length.

The curves in Figure 10 show that, for the insulator,
a change in either thermal conductivity or the product of density and heat ca-
pacity has a negligible effect on optimum duration, while an increase in ther-
mal conductivity of the flame barrier results in a very great increase in opti-
mum duration, Also, an increase in the product of density and specific heat
in the flame barrier results in a significant increase in optimmum duration.
Increases in optimum duration, resulting from increases in thermal conduc-

tivity are accompanied by increases in nozzle weight.
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II, B, Three-Materials Systems (cont.)

Although it may seem unusual to be able to increase
duration capability by using a '"poorer' insulator, the reason is quite clear.
As insulator conductivity increases, heat is transferred from the flame bar-
rier more rapidly; the time required for the flame barrier to reach its limit-

ing temperature is therefore increased,

All of the weight calculations shown in Figure 10 were
made for one insulator density and one flame barrier density. The weight de-
crease shown for different products of density and heat capacity, therefore,
represents the influence of heat capacity only. Although the change in weight
is small, and it is reasonable to expect that the material system capable of
absorbing more heat will weigh less to do the same job, an increase in specific
heat is the only means by which ultimate capability (as indicated by optimum

duration) can be increased with a corresponding decrease in nozzle weight.

The weights shown in Figure 10a were calculated by
assuming a density of 110 1Ib/cu ft for the insulating material. Usually insu-
lators with a low value of the product of density and heat capacity have lower
densities, while those with a higher value (of about 50 to 60 Btu/cu ft °F) tend
towards higher densities (Table 2). The weights shown in Figure 10 could be
reduced by 1.5 lb/in. by substituting a low-density insulation and increased
as much as 6 lb/in. by substituting a high-density insulation. The flame bar-
rier density is 1170 lb/cu ft. Flame barrier densities vary much more widely

and have a much greater effect on nozzle weight than do insulator densities.

To dissociate the effects of the thermophysical proper-
ties on duration and weight, duration was plotted as a function of conductivity

for systems of equal weight. The resulting curves are shown in Figure 11,

10
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II, B, Three-Materials Systems (cont.)

At low thermal conductivity levels, increases in flame |
barrier conductivity are indicated by the curves in Figure 11 to result in in-
creases in duration capability. At moderate and high conductivities, further ;
increases in conductivity have a negligible effect on duration, Duration drops ‘
off sharply after the limiting temperature of the insulator is reached, because

the flame barrier is then operating below its allowable maximum.

As the nozzle weight (flame barrier thickness) is in-
creased, the value of flame barrier conductivity above which there can be no

further increases in duration is also increased.
b. Maximum Allowable Material Temperature

The proper choice of maximum allowable, or limiting,
material temperature is based on knowledge of the behavior of the material at
conditions under which it will be used. Choice is also dependent upon the func-
tion of the material in the system. The temperature limitation of the flame
barrier is thus below the melting temperature and is influenced by the melting
or softening point and by design conditions such as chamber pressure and ma- -
terial thickness. The limitation of the heat sink and insulator is the tempera-
ture above which these components can no longer transmit pressure forces to
the load-bearing member. Since these materials are in the interior of the
system, the possibility of decomposition must also be considered. The load-
bearing member is limited by the relationship between temperature and yield

strength.

In this study, the choice of maximum allowable flame
barrier and heat sink temperatures was somewhat arbitrary, being based on
limited knowledge of material behavior at very high temperatures. Some value
close to and below the melting point was chosen. For the plastic insulators,

asbestos phenolic for example, 3000°F was chosen as the limiting temperature.

11
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II, B, Three-Materials Systems (cont.)

Although the phenolic resin begins to decompose at approximately 600°F, this
insulation material has been successfully tested by Aerojet-General at tem-
peratures above 3000°F when the nozzle design included passages for the es-
caping gas. The limiting temperature of the load-bearing member was taken
as the temperature at which the slope of the yield strength curve changes

sharply.

It was not tke object of this study to provide sufficient
information about material behavior so that a proper choice of limiting tempera-
ture may be made. What was determined, however, was the effect of a change
in the choice of maximum allowable material temperature on duration and weight,

once such a choice has been made.

In Figure 12, throat weight per unit length is plotted
as a function of duration for the reference system and design conditions. With
the allowable temperature of the insulator kept constant at 3000°F, the allow-
able temperature of the flame barrier was decreased to 5800°F. With the al-
lowable temperature of the flame barrier kept constant at 6100°F, the insulator

allowable temperature was varied to 1500°F and 4000°F.

Increasing the limiting temperature of the flame barrier
increases the duration or decreases the weight for the same duration, at dur-
ations above the optimum. At or below the optimum duration, an increase in
the limiting temperature of the flame barrier has no effect on weight or dur-
ation because the limiting temperature is not reached in the flame barrier.

The maximum duration of the system with a 5800°F allowable flame barrier
temperature is approximately 95 sec, as compared to more than 200 sec for the

system with a 6100°F limitation.

12
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11, B, Three-Materials Systems (cont.)

Increases in allowable insulator temperatures also re-
sult in duration increasee and weight decreases, but only at durations below the
optimum. At or above the optimum, the limiting insulator temperature is not
reached, 8o any increases in the allowable temperature have no effect. In-
creases in insulator allowable temperature actually result in decreases in opti-
mum duration, because the portion of the curve above the optimum is extended
downward to the new allowable temperature. The effect of an increase in insu-

lator allowable temperature becomes smaller at higher allowable temperatures.

Maximum allowable material temperature is an im-
portant material property only in its relationship to the gas temperature. For
example, if the allowable temperature of the material were high in comparison
to the gas temperature, the duration would be longer, or the nozzle would weigh
less, than if the allowable material temperature were low. The relationship
between the maximum allowable flame barrier temperature and the gas temper-

ature may be expressed as a dimensionless temperature ratio,

Toas ~ Tallow
¢, where ¢ = —gas  a-ow |

Tgaa -Ts

Raising the allowable flame-barrier temperature has
very nearly the same effect on weight and duration as lowering the gas tempera-
ture, For example, a gas temperature of 8000°F and an allowable temperature
of T000°F corresponds virtually to a gas temperature of 7000°F and an allowable
temperature of 6126°F. Thre two cases will be almost exactly the same if the
allowable insulator temperature is also changed, so that the dimensionless tem-
perature ratios based on insulator allowable temperatures are equal in both
cases, Otherwise, there will be a difference of several hundred degrees between
the attained and allowable insulator temperatures. This assumes that very small
changes in insulator thickness are required to maintain the load-bearing member

at its allowable temperature, with a resultant negligible weight change.
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1!, B, Three-Materials Systems {(cont. ) .

The effect of dimensionless temperature ratio on opti-
mum duration is plotted in Figure {3 for a simulated tungsten flame barrier.
The flame barrier properties were identical with those used for tungsten, ex-
cept that the maximum allowable temperature was varied from 4700 to 7000°F.
Although the high value is considerably higher than the melting point of tungsten,
its use is justified because the object Lere is to investigate the trend of the

curve rather than the performance of any specific materials.

The curves in Figure 13 are for allowable insulator tem-
peratures of 1500, 3000, and 4000°F at a chamber pressure of 1000 psia. The
curves take the same shape as the curve of optimum duration vs gas tempera-
ture. As the maximum allowable flame-barrier temperature approaches the
gas temperature, the optimum duration increases very rapidly. The increases
in optimum duration are, as usual, accompanied by weight increases, but the

weight increases become smaller as ¢ approaches zero.
C. FOUR-MATERIALS SYSTEMS

i. Use of a Heat Sink

A heat sink in a nozzle materials system will:

a, absorb heat entering the system and keep it from reach-

ing the insulator,

b. keep the flame barrier cooler than if it were backed by

an insulator alone, and

c. reduce the weight of the system when it replaces part

of the higher-density flame barrier. A heat sink should be used when:

14



II, C, Four-Materials Systems (cont.)

(1) the flame barrier cannot absorb enough of the

heat entering the system to protect the insulator,

(2) the gas temperature is much greater than the

flame barrier allowable temperature, and

(3) the density of the flame barrier is high in com-

parison with the density of the heat sink which could replace a portion of it.

The effect of the design variables is essentially the same
for the four-materials system as for the three-materials systemm. That is,
chamber pressure and gas temperature have a very pronounced effect on
duration capability, and the effect of throat diameter is much less signifi-
cant, except for very small diameters. This is seen more clearly if the
four-materials system is considered as a three-materials system in which
either (a) the heat sink and flame barrier are considered as a single flame
barrier material or {b) the heat sink is considered as the insulator. The
first case would apply when the flame barrier of the four-materials system
is very thin and experiences a small temperature drol.;:. The second case
applies when the flame barrier is nearly as thick as the heat sink or ex-

periences a large temperature drop.

2. Effect of Material Thickness

The flame barrier thickness in the four-materials system
should generally be just sufficient to keep the heat sink from rething its
maximum allowable temperature or to prevent its erosion. The effect of
varying the flame-barrier and heat-sink thicknesses was investigated for the
tungsten-graphite -asbestos phenolic-steel system. The properties used for
graphite were similar to those of AT J* graphite and are shown in Table 4

with properties used for other heat sinks investigated.

*National Carbon Co. designation



11, C, Four-Materials Systems (cont.)

Figure 14 shows the effect upon duration of increasing heat-
sink thickness for several constant flame-barrier thicknesses, Increasing the
thickness of the heat sink results in a duration increase and a reduction in the
heat sink-to-insulator interface temperature., The curve in Figure 14 also
shows the duration increase which results when the temperature at the heat
sink-to-insulator interface is kept constant and the flame-barrier surface
temperature is permitted to increase to 6100°F, As the flame barrier is
thickened, the duration capability is also increased. However, the nozzle
weight increases more rapidly with increasing flame-barrier thickness than
with increasing heat-sink thickness, because the specific heat of graphite is
more than ten times as great as the specific heat of tungsten. Since the pro-
duct of density and specific heat is approximately equal for both tungsten and
graphite, the total thickness of the flame barrier and heat sink remains es-

sentially equal at any duration.

3. Effect of Materjal Properties

The effect of heat-sink material properties on duration capa-
bility was studied by comparing the performance of the four heat sinks shown
in Table 4. In addition, a second value was used for the thermal conductivity

of graphite. The results are shown in Figure 15.

A comparison of the curves for graphite shows the effect of
doubling the thermal conductivity. For small heat-sink thicknesses, the effect
of conductivi;:y is negligible. At thicknesses of 1.5 in. or greater, the nozzle
system with the more highly conductive heat sink has a greater duration capa-

bility; this effect increases with increased heat-sink thickness.
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II, C, Four-Materials Systems (cont.)

The curves for the beryllium oxide and boron carbide heat
sinks again show the effect of thermal conductivity for heat sinks with nearly
equal products of density and snecific heat. Here the advantage of using the
higher-conductivity material starts to become significant at 1.2 to 1.5 in.

A comparison of the curves ior the low-conductivity graphite
and beryllium oxide shows the effect of nearly doubling the product of density
and specific heat while keeping the thermal conductivity constant. Both curves
appear to flatten out at approximately the same heat-sink thickness, but the
curve for the material with the higher product of density and specific heat
shows a maximurmn of 46% greater duration capability based on the lower dur-

ation.

The curves for boron carbide and high conductivity graphite
also show the effect of the product of density and specific heat. The conductivity
of boron carbide is 22% lower than that used for the high-conductivity graphite
and the product of density and specific heat is 87% higher. Durations with the
boron carbide heat sink are as much as 50% higher for the same thickness.

Again, the strong effect of the product of density and specific
heat is seen in a comparison of the curves for boron carbide and pyrolytic
graphite, with the graphite oriented so that the high conductivity is in the radial
direction. The product of density and specific heat of the boron carbide is 16%
higher, but the thermal conductivity is 80% lower; yet the nozzle system with
the boron carbide heat sink shows durations almost as high, and higher, than
the one with pyrolytic graphite, for thickness up to 3 in, This result corrobo-
rates the finding for the three-materials system: increases in flame barrier
thermal conductivity have an insignificant effect upon duration when the con-

ductivity is already very high (see Figure 10).
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II, Analytical Studies (cont.)
D, EFFECT OF UNCERTAINTIES IN PHYSICAL PROPERTIES

As materials for use at high temperatures are developed, the
question arises of how accurately one needs to know the thermophysical

properties to design a nozzle materials system.

The effect of thermal conductivity, density, and heat capacity on
temperature distribution is a function of the heat transfer to, and geometry of,

the system. These may be expressed in terms of three dimensionless moduli:

k 6

c b
Pp

i. the Fourier modulus, F =

2.  the Biot modulus, B =-‘%, and

3. the radius ratio R =

a‘|v

The density and heat capacity affect temperature distribution only
through the Fourier modulus, whereas the thermal conductivity affects tem-
perature distribution through both the Fourier and Biot moduli. The effect of
errors in density and specific heat on temperature distribution was found for a
material insulated on the outside; temperature tables for internally heated

(2),

‘hollow cylinderl“) were used along with the following equation

F+AF _ 1

1. G. Fluke, Temperature Tables for Internally-Heated Hollow Cylinders,
Aerojet-General Corporation, Technical Memorandum 121-SRP, October
1959 (Aerojet-General internal publication).

2. F-—X8 _ piaF- k@ = )
’ 2’ 2 2
b a A b A 7- Ap A
P ey (o + P)(cp+ cp) (pcp+ peytplc +ap cp)b
_ k@ 1 - Ft+taF
= a ! Acp,
pcpbz(1+—A;-2 +T°£) ”‘%‘L“TP F

P P
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II, D, Effect of Uncertainties in Physical Properties (cont.)

The effect of large errors in thermal conductivity cannot be found by this
method because a linear combination of errors in the Fourier and Biot moduli
yields an accurate result for only very small errors in conductivity. The
effect of conductivity errors was found by comparing the results of several

computer runs in which only the thermal conductivity was changed.

Fourier numbers of interest in solid-rocket nozzle heat-transfer
range from about 0. 005, for nonconductive materials with large diameters
or at small times of a few seconds, to about 2, for conductive materials with
small diameters and long durations of approximately 100 sec. Biot numbers
range from about 0. 8 for low chamber pressures, small diameters, and high
conductivities, to about 150 for high chamber pressures, large diameters, and

low conductivities.

Figure 16 shows the effect of errors in density and heat capacity
on exposed and insulated surface temperatures for B = 10, R = 0.8, and
F =0.05and 0.10. This combination of conditions would apply to an 8-in.
thick tungsten, hot-flow tested at a pressure of 750 psi at 30 and 60 sec. The
gas temperature for this case is 7000°F, but other calculations show that gas

temperature has a negligible effect upon the percentage error.

Figure 16 shows that errors in either density or specific heat of
20% or less result in surface temperature errors of less than 5%. The effect
of errors in density or specific heat decreases with increasing Fourier number:
at the higher Fourier number a 40% error results in less than a 5% error in
surface temperature. Also, positive errors in density or specific heat (values
greater than the actual) result in negative errors in temperature (values less

than the actual) and vice versa.
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II, D, Effect of Uncertainities in Physical Properties (cont.)

The effect of thermophysical property errors onvtemperature is
much greater at the insulated than at the exposed surface, The curves of
Figure 16 also show that the insulated surface temperature error which
arises as a result of errors in density or heat capacity is 2 to 2.5 times
greater than at the exposed surface, For the same conditions, the effect
of errors in thermal conductivity on surface temperature is negligible. A
positive error of 50% or a negative error of 25% in conductivity results in a
surface temperature error of less than 1{%. Insulated-surface temperature
errors whi_ch arise from thermal-conductivity errors, shown in Figure 17,

are many times greater.

Errors in duration that arise from density or heat capacity errors
will have the same magnitude and direction as the errors in density or heat
capacity. This is a direct result of the fact that time appears only in the de-

nominator.

For the conditions discussed, positive and negative conductivity

errors of 20% will result in duration errors of -8% and 12%, respectively.

An examination of many curves of thermophysical properties as
a function of temperature shows that, on the average, the variation in thermal
conductivity between room temperature and several thousand degrees is ap-
proximately 2 to 2.5 times as great as the variation in heat capacity and 40 to
50 times as great as the variation in density. Although the exact magnitude of
the error will depend on the specific heat transfer conditions involved, generally
errors resulting from uncertainties in thermal conductivity and heat capacity
at elevated temperatures are of the same order of importance, whereas errors
resulting from uncertainties in density are important only for the most precise

calculations.
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II, D, Effect of Uncertainities in Physical Properties (cont.)

The use of constant, as opposed to variable, thermal properties
was also investigated for the basic system. In most heat transfer calculations,
constant thermal properties are used because of the added complexities of
handling variable properties. Sometimes, large errors can result if the
constant properties are not chosen properly. In this case, as shown in Figure
18, only a small difference resulted when constant properties were used. The

difference increases in going towards the outside of the nozzle,
E. EFFECT OF ANISOTROPY

The recent development of pyrolytic graphite, a material that
has considerably different thermal conductivities along different axes, has
created interest in the use of anisotropic materials for nozzles. Since the
initial announcement of the development of pyrolytic graphite approximately
2 years ago, work has been conducted on the development of a group of other
high-temperature aniatropic materials, pyrolitic carbides“) . Under the
current program, an effort was made to show the possible advantages of
using either a material which is inherently anisotropic or a design in which

anisotropy is figuratively inferred.

Most present-day nozzle designs that incorporate pyrolytic graphite
make use only of its high-temperature limitation and its insulative qualities.
For example, it may be used as a very-high-temperature insulator or as an
insulating flame barrier to block heat transfer to the wall. Its use as a flame
barrier at the throat, however, is in question because the hot surface heats
up quickly to within a few hundred degrees of the gas temperature while the
surface furthest from the gas remains cool; a serious thermal shock problem
is the result.

(1). Being developed by Raytheon Company Research Division, Waltham,
Massachusetts.
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11, E, Effect of Anisotropy (cont.)

For this study, a conceptual nozzle design was made that uses the
high thermal conductivity of pyrolytic graphite parallel to the grain. This de-
sign is shown in Figure 19. The nozele throat is tungsten and the rest of the
nozzle is made of graphite and pyrolytic graphite, with an asbestos phenolic
insulator and a steel load-bearing member. The pyrolytic graphite is oriented
so that the highest conductivity is in the direction parallel to its longest axis.
The pyrolytic graphite acts as an insulating flame barrier along the surface of
the nozzle in the upstream and downstream sections and, in the interior, con-
ducts heat away from the tungsten throat to cooler portions of the nozzle. The
pyrolytic graphite on both sides of the tungsten conducts heat away from the
hot surface and prevents heat from entering the tungsten throat area from the
side. (Considerable modifications would probably have to be made before such

a nozzle could be built.)

Temperature distribution in the nozzle is shown at 93 sec, when
the tungsten surface temperature reaches 6100°F (Figure 20a). For com-
parison, the temperature distribution in a similar nozzle, with all the pyrolytic
graphite replaced by ordinary graphite, is shown in Figure 20b. The temper-
atures reached in the nozzle with pyrolytic graphite are 470 to 600°F lower
than those in the nozzle without pyrolytic graphite. The tungsten throat of the
nozzle shown in Figure 20b reached 6100°F at its surface within 53 sec. A
portion of the pyrolytic graphite section that shows temperatures of 6800°F would
have eroded by 93 sec, but this should not seriously affect the condition at the
throat. The high temperatures at the graphite-asbestos phenolic interface indi-
cate that either an insulator with a higher maximum allowable temperature (for

example, pyrolytic graphite) or thicker graphite should be used.
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III. TEST PROGRAM

A, TEST OBJECTIVES

The objectives of the test program were to determine the effects of
flame barrier and insulation thickness upon duration capability, to establish the
proximity of actual to calculated temperature distributions, and to investigate the

effect of aluminum oxide deposition on materials system capability.

B. NOZZLE DESIGN

Six nozzles of 0.70-in. throat diameter were tested. The three-ma-
terial model was used for the nozzle, and the flame barrier and insulator throat
thicknesses were varied. The nozzle consisted of a tungsten flame barrier, a
zirconium oxide insulator, and a chrome-molybdenum (4130) steel load-bearing
member. Flame barrier thicknesses at the throat varied from 0.150 to 1.00 in,,
and insulator thicknesses varied from 0,155 to 0.55 in. The insulator thickness
was at least large enough to maintain the steel at its maximum allowable tem-
perature of 700°F. Steel thicknesses were 0.11 in., except for the nozzle with
the thinnest throat, where design considerations necessitated a 0.23-in. thick-
ness. Also because of design considerations, the steel member was omitted
from the nozzle with the thickest throat. Figure 21a is a sketch of the basic ma-
terials system tested. The nozzles with the two thinnest throats were of slightly

different design, These are shown in Figures 21b and 2ic.

The entrance section consisted of a thin graphite cone, cemented
inside a precast zirconium oxide shell, Use of a large heat sink in the entrance

section was deliberately avoided,
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111, B, Nozzle Design (cont,)

The tungsten throat insert was machined from a forging of
95+ percent theoretical density and a purity of 99.75%, certified by the
vendor. (1) The tungsten was flame sprayed on the outside with zirconium
oxide (Rokide Z) of 72- percent theoretical density. A steel sleeve was
cemented to the outside of the oxide coating. Flat-bottomed thermocouple
holes were then drilled to various depths., The entire nozzle throat assembly

was made by the same vendor,
C. TEST CONDITIONS AND EQUIPMENT

1. Test Conditions

The propellant consisted of a polyurethane rubber matrix
containing ammonium perchlorate oxidizer and 16% aluminum. Nominal
chamber pressure was 350 psi. The calculated combustion temperature was
5750°F at 1000 psi and the actual temperature was estimated to be 5600°F
at 350 psi. Nominal firing durations for the motor were all higher than
calculated expected durations for the nozzle, assuming no aluminum oxide

deposition, and ranged from 50 to 110 sec.

2. Test Rocket Motor

The test rocket motor contained an end-burning grain and
had a nominal diameter of 8 in. Nominal length was about 25 in. and firing
durations were increased by using a longer chamber. The chamber was

made of steel pipe and was water -cooled during the test.

{1y Straza Industries, El Cajon, California
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III, C, Test Conditions and Equipment (cont.)

The steel aft closure shown in Figure 22 was designed to
accomodate thermocouples. The nozzle assembly was cemented to the aft
closure, which was bolted to the motor. Figure 23 is a photograph of a
typical aft closure assembly before firing. The thermocouple connection plugs

are shown wrapped with insulation material.

3. Instrumentation

Pressure was measured with a Taber pressure transducer
by means of a pressure tap in the aft end of the chamber. This was connected

to a continuous recorder, Two readings were taken and averaged.

Each nozzle was instrumented with six thermocouples, all
located at the throat at various depths. Four types were used: tungsten/
tungsten-26% rhenium, tungsten/rhenium, platinum/platinum-13% rhodium,

and chromel/alumel.

The use of tungsten-type thermocouples represented an

attempt to measure temperatures above 3200°F near the hot surface of the

(1)

flame barrier. Neither of the two tungsten/tungsten-rhenium thermocouples

(1)

insulated with beryllium oxide and were assumed to be reliable up to 4000°F;

produced any usable results. The tungsten/rhenium thermocouples' ' were
one of the 10 used was chosen at random and calibrated between 2000 and

4000°F, The calibration data agreed very well with the accepted calibration
curve for tungsten-rhenium. During the teats, some of these thermocouples

showed signs of erratic behavior at about 3000°F.

(1) Continental Sensing, Inc., Melrose Park, Ill,

25



III, C, Test Conditions and Equipment (cont.)

Four thermocouples of the first three types were used to
measure temperatures in the tungsten. One platinum/platinum-13% rhodium
thermocouple measured the temperature in each insulator and the temperatures
in each steel section were measured with one chromel/alumel thermocouple.
Two thermocouples were placed in the insulator of the nozzle in which the
steel load-bearing member was omitted, The thermocouples, except for the
tungsten/tungsten-rhenium, were secured with Swagelok fittings“). Table 5
shows the locations of the thermocouple holes. The radial distances from the
nozzle axis were obtained from prefiring measurements of the depths of the
holes, the throat radii, and the outside diameter, These were checked against
direct measurements of two holes in each nozzle after the nozzle was hot-flow-

tested and sectioned. The measurements agreed within 0,005 in.
D. PROCEDURES

Each nozzle assembly was inspected after receipt. The throat
diameter was measured to the nearest 0,001 in, and the average of four read-
ings was taken, The depths of the thermocouple holes were measured to the
nearest 0,001 in, Photographs of the nozzle and aft closure were taken
immediately before and after firing, During firing, the nozzle was photographed
with high-speed motion picture and closed-circuit television cameras, After
disassembly, each insert was photographed, and the throat contour was traced
on transparent paper with an optical comparator at a magnification of 10X,

The throat area was then measured from the trace (shadowgraph) with a
planimeter. The diameter after firing was calculated by assuming a true circle.
The nozzles were cut in half along the long axes and photographed again; each
cut was made through two of the thermocouple holes, and the distance to the

inside nozzle surface was measured directly,

(1) Swagelok Tube Fittings, Cleveland, Ohio.
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III, D, Procedures (cont.)

Temperature distributions were calculated for each nozzle, assuming
one-dimensional heat transfer and a heat transfer coefficient based on constant
nominal pressure, Two-dimensional, axisymmetric heat transfer calculations
were also made for the nozzles with 0,45 and 1, 00-in. tungsten throat thicknesses.
The calculated temperature distributions were then compared with the thermo-
couple readings for the nozzles in which no aluminum oxide deposition occurred.
Where deposition occurred, the measured temperature data were used to obtain
an experimental heat transfer coefficient. The difference in resistance to heat
transfer represented by the experimental and theoretical heat transfer coefficients
was assumed to be a measure of the resistance offered by the deposited oxide
layer. This was compared to the measured deposit thickness and an average

thermal conductivity was obtained for the deposit,

E. TEST RESULTS

Photographs taken immediately after testing of each of the six nozzles
are shown in Figure 24. (The nozzle shown in Figure 24c is an exception to this
statement, as the photograph taken immediately after firing was not usable; the
one shown was taken after disassembly of the aft closure.) The nozzles are
arranged in order of decreasing tungsten throat thickness., Considerable depo-
sition occurred where the nozzle throats were thick. The thinnest nozzles were
burned through during the firing. The test results are summarized in Table 6.
Pressure vs time, temperature vs time, and shadowgraphs for each nozzle are
shown in Figures 25 through 40. Shadowgraphs were not taken of the two nozzles
that burned through during firing, Ignition delays of approximately 10 sec occurred

in tests No. 3 and 4 and are shown graphically in Figures 27, 28, 32, and 33.

The amount of aluminum oxide deposition, as determined from the

shadowgraphs, is shown as a function of tungsten throat thickness in Figure 41,
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III, Test Program (cont.)

F. CORRELATION OF TEST DATA

1, Discussion of Nozzle Burnthrough

The nozzle designs were such that the thinnest sections were
upstream of the throat. A hoop-stress calculation“) shows that 0.08-in, -thick
tungsten is required at an area ratio of 3.2, upstream of the throat, for a chamber
pressure of 350 psi, The tungsten inserts in the two nozzles that failed during
firing were 0,10 and 0.13 in, thick, respectively. These values are represented
by safety factors of 1.3 and 1.6. It is postulated that the failure of these two
nozzles occurred in the entrance section when the insulation was heated beyond
its softening point and could no longer transmit load to the steel. The tungsten,

forced to carry the full load, yielded and failed.

Calculations show that the insulator at the throat should reach
its assumed limiting temperature of 4600°F at 6 and 14 sec for the 0, 15-in, -
thick and the 0. 30-irn, -thick tungsten, respectively. The time for the insulation
in the entrance section to reach the same temperature was not calculated, but
should be approximately the same, or a little greater, because of the balance
between decrease in heat transfer coefficient and decrease in tungsten flame
barrier thickness, The pressure and temperature curves indicate that burnthrough
started at approximately 1.5 and 3.5 sec after ignition for the nozzles with
0.15-in, -thick and 0. 30-in, -thick tungsten, respectively. The starting of burn-
through so soon after ignition could be attributed either to an assumption of too
high a value for the limiting insulator temperature or to a slight crack in the

tungsten that went undetected because it occurred after assembly. In this

(1) t= re = wall thickness, in.
zo’cos&:

0.976 (350) psi
d =t+0.70 in.
g = 2000 psi allowable stress for tungsten at 4800°F

¢ = 32° entrance angle

where: P
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111, F, Correlation of Test Data, (cont.)

instance, thermal shock was discounted as a reason for failure because the
thickest nozzles, which remained intact, should have suffered the most severe
shock.

The next larger insert (0.45-in. tungsten throat thickness)
was 0,13 in, thick at its thinnest section. Although the throat remained intact,

a portion of the entrance section was burned through to the steel shell (Figure 42).

2, Comparison of Calculated Temperatures with Test Data

For the two thinnest nozzles, calculated temperatures and
the test data agree fairly well, but, because of deposition, the results for the

other nozzles show consistently lower temperatures than calculated.

In tests No. 4 and 5, the two thinnest nozzles, the thermo-
couples in the tungsten at the section where burnthrough occurred show lower
temperatures than those on the opposite side and show the greatest temperature
rise after burnthrough started, as indicated by the pressure curves. These
thermocouples were probably not operating after about 3.5 sec and are not
represented on the comparison curves, In addition, TN 3 on test No. 4 was

inoperative and is not shown.

In test No. 4, where 0,030-in. -thick tungsten was used,
agreement was excellent for thermocouples TN 1 and TN 2 (Figure 43). The
calculated temperatures began at the end of the ignition delay of 9.7 sec.
After 30 sec, the pressure was very low, with a corresponding reduction in
heat transfer coefficient. This probably accounts for the leveling off of the

temperature shown by TN 3,

In test No. 5, where 0.15-in. -thick tungsten was used, _
agreement was fairly good for TN 1 and TN 2 (Figure 44). The measured
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.III, F, Correlation of Test Data

insulator temperature (TN 3) was far below the calculated value; the discrepancy
is probably a result of improper installation of the thermocouple. The insulator

material is such that particles come off when it is scraped. The scraping action
of the thermocouple when installed could easily rub off enough particles to cause

a large displacement of thermocouple location. A difference of 0.03 in. in

location couid result in temperature error of 25%.

A two-dimensional heat transfer calculation made for the
nozzles of tests No. | and 2 and shown in Figures 45 and 46 account for only
a very small portion of the difference between measured and calculated
temperatures. The remainder of the difference was ascribed to aluminum oxide
deposition. An attempt was made to determine an average h¢ it transfer coef-
ficient for the entire firing time by comparing the measured data with temperature
distributions calculated by assuming various heat transfer coefficients as shown
in Figure 47. The result was an "experimental heat transfer coefficient"
(h exp)' Assuming a steady-state condition exists between the film and the wall,
the difference between reciprocals of the experimental heat transfer coefficient
and the heat transfer coefficient calculated from the average chamber pressures
should be equal to the average thermal resistance of the aluminum oxide film.
The film resistance is compared with the average film thickness, and a film
conductivity (kf) is calculated. The average film thickness is taken as half
the thickness measured after firing. The calculation is summarized in Table 7.
Values of k. found by this method average 5.4 Btu/hr-ft-*F. The best available
data for solid aluminum oxide(l) show conductivities of about 5.8 Btu/hr-ft-*F
for the dense material, when the data are extrapolated to the melting point; this
is an excellent agreement. No data are available for the conductivity of molten
aluminum oxide. This calculation demonstrates that temperature data and

deposition thickness can be correlated.

(1) A. Goldsmith and T. E. Waterman, Thermophysical Properties of Solid
Materials, WADC TR 58-475, October 1958, p. VII-M-1,
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IV. CONCLUSIONS

A, ANALYSIS

1. For a nozzle materials system, an optimum balance between
duration and material thickness may be found. This optimum is a practical
measzure of duration capability; above it, nozzle weight increases rapidly for

small increases in duration.

2. Optimum duration decreases rapidly with small increaces in
chamber pressure or gas temperature, but increases in throat diameter for di-

ameters above 4 in. affect optimum duration only slightly.

3. In constant-weight systems, increases in chamber pressure
or gas temperature result in decreases in duration; the effect is greater at

higher durations.

4. Flame-barrier and heat-sink thermophysical properties
significantly affect duration capability, while insulator and load-bearing member
properties do not. Fiame barvriers should generally have moderately high
thermal conductivities, high products of density and specific heat, and low
densities. A high product of density and specific heat is more important than

high conductivity in selecting heat-sink materials.

5. Four-material systems can be designed lighter in weight
than three-material systems because heat sinks usually have lower densities

than flame barriers.
6. Increases in maximum allowable material temperature result

in duration increases or weight decreases; the increase or decrease is above

the optimum point for the flame barrier and below the optimum for the insulator,
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1V, A, Analysis (cont.)

7. Thermal conductivity and heat capacity errors that result from
uncertainties in thermophysical properties at elevated temperatures are of the
same relative order of importance, but errors resulting from uncertainties in
density are important for only the most precise calculations. Positive thermal
conductivity errors and negative density or heat-capacity errors will result in

conservative estimates of duration capability.

8. Use of a properly oriented anisotropic material could result

in increased duration capability.

B. TEST PROGRAM

1. The test data show that it is possible to predict nozzle
temperatures fairly accurately only when no deposition occurs on the nozzle

wall during firing.

2, When deposition occurs, the measured temperature is lower
than the calculated value but may be brought very close to agreement by con-

sideration of the deposit thermal blocking effect in the calculation.

3. The amount of deposition that occurs during a firing increases
as the heat-sink thickness increases, resulting in longer durations than could
be achieved with the lower surface temperatures due to increased thickness

alone.
4. Insulator temperatures are difficult to measure accurately

because of the difficulties involved in obtaining a good seat at the bottom of the

thermocouple hole and in measuring thermocouple locations accurately.
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V. RECOMMENDATIONS

A. MATERIALS RESEARCH AND DEVELOPMENT

The following areas are most promising for future materials re-

search and development, as applied to solid rocket nozzles.

1. Use of the following criteria, listed in order of importance,to
determine the potential of future nozzle materials from the heat transfer point

of view.
a. flame barriers
(1) high allowable temperature
(2) high product of density and specific heat
(3) moderately high conductivity
(4) moderately low density
b. heat-sink materials
(1) high product of density and specific heat
(2) moderately high conductivity
(3) low density
(4) moderately high allowable temperature
c. insulator
(1) high allowable temperature

d. load-bearing member

(1) low density
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M

V, A, Materials Research and Development (cont. )

‘ 2, Development of boron carbide for use as a nozzle heat-sink

| material,

3. Development of techniques to manufacture high-temperature
anisotropic materials so that either the conducting or insulating properties may

be used in any direction desired.
B. NOZZLE BEHAVIOR INVESTIGATIONS {

In addition to the above areas for materials research and develop- /
ment, the following areas hold promise for future analytical and experimental

: investigations to obtain significant knowledge of nozzle behavior:

1. Effects of induced thermal stresses, thermal shock resistance
of materials, and effects of erosion characteristics on duration capability should

be investigated.

2. The effects of aluminum oxide deposition should be studied,
especially the mechanism of deposition, the properties of the deposit, and the
use of the deposit as an auxiliary flame barrier to block heat transfer to the

wall.

3. Attention should be given to the use of anisotropic features
in nozzle design. The use of anisotropic materials is merely a first step in
this direction. The possibilities of conducting heat more efficiently to the
cooler sections of the nozzle, perhaps with finned flame barriers, should be

investigated.

4. A more detailed study of weight vs duration, especially as

the entire missile system is affected, would be helpful to nozzle design.
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TABLE t

LIKELY NOZZLE MATERIALS

Function

Flane Darrier

Material Characteristics
1. Refrectory Mstals High oonductivity
(W, Ta-W, Mo) High density
2. QOrephites Moderate oconductivity

Low density

Refrectory Carbtides
(B£C, TC, TC, 2rC)

Low conductivity
High melting pointe

Pyrolytic Urephite,
Pyrolytic Carbides

Anigotropy

Grephites

Heat Sink 1, High-Temperature Limitation
2. Beryllium Oxide High specific heat
(>0.4 Bta
3. Boron Carbide 15_-‘?)
Insulator 1. Plastics (Refresil or Low conductivity
Asbestos Phenolic,
Orephite Cloth with
Phenolic Resin)
2. Ceremics (2r0,, 41,0, Higher tempereture
Porous 8iC) 1imi tation
Losd-Bearing l.e Steels
Member
2, Titanium Alloys Strength at elevated

3.
he

Super-A1loys (Udimet,
Hastelloy)
W-Co Alloys
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TABLE 2
RANGE OF THEEMOPNISIOAL PROPERTY DATA FOR NORILE MATERIALS
Jange Range ¥1b
Nateriad Trve k,éﬁ" % L. 1 vy r:&,'r Reforenses
Tangsten 120-58 70-3500  0,03-0,08 0-4800 1085 Qro Ay
Tantalu-tungsten  90Ta-1ON  32,7-19,0 2600-5300 [ W' - 1050 5500 8, Stauffer-
Temescal Co,
Nolybdemum S0 1004100  0,063-0.125  100-4500 6» k1% 6
Nafaiwn Carbide 5.3 SY5-1686 0,055-.072 500-5000 %0 0% 5
Tantalwm Carbide 16.6-1.8 533-k1l0 0,05-0,082 $00-4500 % 100 s
Titanien Carbide 95.6f dense 15-2,8 90-2,8 0,14-0,22 70-2000 306 560 3k
Zireoniwm Cartdde 18,3-20 100-4300 0,091-0,170 50044500 ar 636 s
Oraphite AN 50-8 470-5000 0,17<0.% 80-3200 108 6600" S,National Carbem Co,
IT-5002  120-26,5 70-3500 0,2-0,5 70-3500 127  6600° Natiomal Carbom Co,
(e ety 2519 0-7% 01300  70-150 660" Raytheom Oo.
i) 2060016  0UM  oa20ms o W0 660%™ Raythosm Co,
Boryllim Oxide 955 demse b6-9.4 h00-2550 0,250,495 852600 Y, -] 3
Bevon Carvide 70.5-37.5 212-1292 0.427-0,581  80-2600 156 Ll 3
Astrolite
(Pefresil Phemclie) 1200 0,200-0.458  0-3000 0.2-0.27% 0-3000 e 3000° 7
Asbestos Phemelis  L61-17Y 0,167-0,258 100400 0.197-0.3% 100-400 108  3000* Johm Nemville Co.
Zircondwm Omide Norton "E*  O,b05-0.452  800-2600°* 0,175 80-2850 200 L0  Bertem Co,
Aluimm Oxide 51,35 demse  9,6-1.6 k0-2620 0,100,180 683170 15 3700 by 1
Mlicon Caztdde 3JOF dense  1,5-2 8002900  0,16-0,38 70-2250 60  §000 1, Carberwndms Co.
Seenl o 2.7 ™ 0.1 4 .6 700* 9
Insensl x ToTh=16.7 682200 0,120-0,1k8S  68-1200 87 1000-1500 Istermatiemal
Biskal Co.
T4tenimm Allay c-cm- 6.3-11,3 60-1400 0.13-8.207 1002590 M 9000 b Y
# at room temperstmre
s oublimtes
+ maxissm allowsble
++ mean temperatures
Referensess
1, Thermsl Propertise of Osrtain Materials, AVCO NAD-TH-THERND, 2 Felwruary 1957,
2, N, Porter, Rosket Refrestariss, NAVORD h393 (AD-9S W32), 26 Angeet 1955,
3, BResstor Esmdbook, Vol. 3, SBeotion 1, AND, Nareh 1955,
ke A. B, Goldsmith snd 7, B, Waterman, Thermoplysisal Properties ef Solid Materials, WAIC TR-53-476, Osteber 1950,

Se Do 8, Neel, C, B, Peare, and 8.

or Their Destrmetion

Oglesty, Jr,, h“m-‘hmb&mtom
WD 0-90k, .

6o Ao By Goldmith and T, B, Vatermsa, Thermoplysical Propertiss of Selid Materisls, MDD TR-SB-476, Reviced,
August 1960,

7e H. L Theupson Cempasy letter %o A, Q. Hardrath, Aerojet-Owmsral Cerporaticn, 19 Aagust 1959,

8 W, 7, lamons and R, D. Allm, {] of Therwal 8 %o Malting Point and Teasile
ise from ‘o I (] '» .

9. Salid Bagine Design Nandbosk, Aerojet-Oemeral Corporstiom, Angwst 1957,
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TABLE 3

REPRESENTATIVE MATERIAL PROPERTIES OF REFERENCE-SYSTEM MATERIALS

Material k, Btu/hr=f1-°F ng, Btu/cu f-°F  Limiting Temp, °F
Tungsten 60,0 1.3 6100
Asbestos
Phenolic 0. 258 ,.llo 9 m
Steel 230 7 52 ° h m
TABLE 4

REPRESENTATIVE MATERIAL PROPERTIES OF HEAT SINKS

Material k,Btu/hr-£t-"F  FPc,, Btu/cu £¢-°F Limiting Temp, °F
ATJ CGraephite 5.6 1.8 6600
25.,0%

Pyrolytic

Graphi tew* 154 67.2 6600
Boron Carbide 10 78.0 LYoo
Beryllium

Oxide 25 72.3 4500

# pecond value of conductivity chosen for commarison with BeO.
#% oriented so that highest conductivity is in the readial directions
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TABLE 5

IOCATION OF THERMOCOUPLYS

Tungeten Thermo~ | Therwo- | Relative | Radial Distance Material
Throat Test | couple ocouple | Angular from Nossle in Which
Thickness,in. | WNo. No. Type » Location Axis, in. Located
1l 1 ™ T?ﬁ 0°* 0,496 sten
! o0 o (U
3 [ YR T :1_1;:3[;'!’:
E “PPR 20 . rconiom
] K — 300 | :%. — Steel
0.50 [ 1 “PPR_ 1] o 1ten
'—m——'—n% % .ton
%‘T—_‘ﬁu—_ﬂ?ﬂ_‘: TeonTe
PPR !IEU 1. 006 Steel
[ 5“ m Uomu sten
0.60 3 T “WRE '] OBl sten
! Hu F Ue sten
3 PPR T20 TJ:% sten
| 2L0 T.070 conlum
E [ 300 1,261 1
”! IBU » sten
U015 b § WRE 0 %_—. ten
2 “WRE (5] .
T —YPH m——uwr—'l —Rreoele Oalds————
4 ° umn { ]
E K ~ 30 | L&Y —Stesl
~.2 VR AN to
O, 1 [+) Oe ten
JESEEmm=us
3 ~— PPR A ul
— R 300 0.5 1
PPR 120 U133 ten
WRE T80 veren sten
U1 11 1 YRE Q U 380 ten
-3 —PPR (23] U580 ten
3 — 20 0.555 1 o
i—m—m o 0:2%3? -
S S 1 —

WRE « toangsten/rhenium
WIE » tungsten/tungsten-26% rhenium

PFR = pla
CA = chrome

platimm-13% rhodium
alumel
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Figure 4: Minimum Nozzle Weight for Various Throat Diameters
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Figure 14: Effect of Heat-Sink Thickness Upon Duration
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62



- 4130 Steel

gsten

T

e miﬂo-dho

{

¥
A

=

dirconium Oxide

M“. in,

Test| A B

| ¢

0,45 10.183j0.113 |

0,60 ]0.2380,113

Jo.80 0.3030.113

=ion Wil

1.00 10.355 L

a., PRagic Nossle Design

Zirconium Oxide

Tungsten

Mo
<. 100-1in,

b. Nossle Design, Test No. 5 e.

Tungsten

Zirconiun Oxide

4130 Steel

-T00 R

Nossle Design, Test No. 4

1.8304
dia.

1‘0'

Figure 21: Test Nozzle Designs

63



Aquessy 2ansor) Py :2Z 2andig

wIeaqaerq 38ing K395
S9TOH 9 [UNOJOWIIYL \
Suy Jeutemey (99 A oW
.—I 1 *e1p--ut-00°ST
. *a3-00° = -
wip-°uy S P——
sdusryug
_ opEx0
.\ oIty

sousajug
) TRdezp

303 9TRsul
StToweyd-TIselioy

64



Figure 23: Typical Aft Closure Assembly Before Firing
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. Figure 42: Entrance Section of Test No. 2 Nozzle Insert After Firing
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5000-¢

Time, seconds

Figure 45: Comparison of Temperatures Based on One- and Two-
Dimensional Heat Transfer Calculations for Test Nozzle No, {
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Figure 46: Comparison of Temperatures Based on One- and Two-
Dimensional Heat Transfer Calculations for Test Nozsle No. 2
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VIil. APPENDIX I

CALCULATION OF HEAT TRANSFER COEFFICIENTS

The equation used to calculate nozzle heat transfer coefficients was
based on the equation for turbulent flow in a pipe (Reference 1):

0.
K‘kD_ = 0.023 (%c_)

8 Cu 0.4
) (1)

Although flow in straight pipes differs considerably from nozzle flow, because
of the more fully developed boundary layer in pipe flow, Equation (1) adequately

describes the nozzle heat transfer coefficient (References 2, 3).

Considering that

G = ——2-—4w (2)
nD
and W=c AP (3)
Equation (1) reduces to
(c. P )O.BD 1.6 C 0.4k0.6
h=0023 % ¢ . T S SR
pl- WY

In aluminized polyyrethane propellants, Cw usually varies between 22.7
and 24 1bm/1bf-hr, In addition, the transport properties of 10 polymethane
propellants with combustion temperatures between 4600 and 5500°F were

c 0. 4k0. 6
examined, and the product —Ll_UT- was found, for all of the propellants,

to be within 5% of the average value (Reference 4). This product was also

found to decrease, as shown in Figure 1, in the supersonic portion of the
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Appendix I

nozzle. For propellants with higher combustion temperatures, this product
of the transport properties will probably be slightly higher, but the difference
will not have any significant effect on any but the most precise heat transfer

calculations,
Equation (4) then reduces to

P 0.8,1.6 c 0.4k0.6

- c t P
h =24.7 T8 . TR (5)

This equation may be used to calculate heat transfer coefficients along the
nozzle wall, For calculation of throat heat transfer coefficients, Equation (5)

may be further reduced to

P 0.8

t

The heat transfer coefficient at the throat is then expressed as a function

only of chamber pressure and throat diameter, as is shown in Figure 2.
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NOMENCLATURE

Throat area, in,

Specific heat, Btu/lb-°F

Mass flow coefficient, 1bm/lbf-hr
Diameter, ft

Throat diameter, f{t

Diameter, in.

Throat diameter, in.

Mass flow rate, lb/ftz-hr

Heat transfer coefficient, ____B_tzg___

hr-ft -°F

Thermal conductivity, 'ht_?ng"F—

Chamber pressure, psi
Weight flow, lbm/hr

Viscosity lbm/ft-hr
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Figure 2: Throat Heat Transfer Coefficient a8 3 Function
of Chamber Pressure an Throat Diameter
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VIII. APPENDIX II
TABULATION OF IBM OUTPUTS

All the computer runs that resulted in temperature histories of nozzle
material systems are tabulated in the following pages. The cases are grouped
by the variables which were changed for each run. A pressure change is
reflected by a change in heat transfer coefficient. Where one set of tempera-
tures is listed for a case, the time chosen is nearly always the .time (usually
to the nearest second) at which the maximum allowable flame barrier, heat-
sink, or insulator temperature was reached, or, with very long durations, the
time the computer was stopped. In some cases, two durations are shown. The
other duration represents the time when the maximum allowable flame barrier
temperature was reached, even though the limiting insulator temperature was
exceeded. For some four-material systems, weights were not calculated
because it was decided not to represent these systems on a weight basis.
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Appendix II

" WADD THERMAL OPTIMIZATION OF NOZZLE MATERIAL SYSTEMS-CeMeGRACEY DEPT 4710

NOMENCLATURE
DIA __ =DJAMETERs INe

HTC  =HEAT TRANSFER COEFFICIENTBTU/HReSQeFToFe
.16 =GAS TEMPERATURE sF o

T1 =SURFACE TEMPERATURE sF,

12 - INTERFACE TEMPERATURE BETWEEN MAT~1 ANO MAT=2¢Fe
T3~ -INTERFACE TEMPERATURE BETWEEN MAT=2 AND MAT=3,F.

T4 =INTERFACE TEMPERATURE BETWEEN MAT=3 AND MAT<=%jsF.

LK ~INTERFACE TEMPERATURE BETWEEN MAT=4 AND MAT=35,F.
DUR  =DURATI ECo

wT -WEIGHT PER AXIAL DISTANCEsLBe/INe

(d -HATERIAE DENS!T!QLB.GC%-FI.
- VITYsBTU/HRFTe

C =MATERIAL SPECIFIC HEAT BTU/LBGF

™ MATERTAL MAXTMUM ALLOWABLE TEMPERATURE
MAT=1 -THICKNESS OF MATERIAL NOeloINe

MAT-2 -=THICKNESS OF MATERIAL NOe2y INe

MAT=3 -IHIC&!E;; OF MATERIAL NOe3dsINe
MAT=4 =THICKNESS OF MATERIAL NOe4sINe

MAT=5 ~THICKNESS OF MATERIAL NOe54INe

MATERIAL_TH gggg YSICAL ngp;g:[:; {UNLESS 01 EB!Lﬁﬁ_jﬂﬁ(lﬁlﬁﬂ________.

MATERIAL
ASBE 3.’.! 11!.! m }m
ATJ GRAPNITE 31e6 o387 1079 6600-
BERYLLIUM OX1DE 2% 2420 172 4300
BORON CARBIOE 40. 500 1560 4400~
2176 o480 1400 _ 6400
PYRO GRAPHITE 194, o480 140 6600-
— JAMALUM CABBIGE o1 a056 899, 7000
TITANIUM CARBIDE 4.5 250 306 5600~
TUNGSTEN 40, 20353 1170 6100
4130 STEEL 2317 «107 48946 700 -
— XIRCONIUM OXIDE = o584 2200 266s 46Q0
_CASE DJA HTC TG MAT—-1 MAT-2 MAT-3 MAT-4 T) 12 I3 T4 OUR WY
TUNGSTEN =~ ASBESTOS = 4]130 STEEL
6=1A 4,000 1700 7000 14165 04275 04250 5354 2977 80 16 1474~
——6=2A 40000 1700 7000 20000 00280 04230 6076
6=3A 40000 1700 7000 3,000 00200 00250 6051 3013 284 96 4T 044~
2 16 lé.61
6=18 44000 1700 7000 34350 04250 00250 6109 3010 376 120 55446
- 000 30350 04200 00250 6109 30
6=1D 40000 1700 7000 14650 04110 00250 5645 2986 1039 30 21e72°
6=1F 40000 1700 7000 44500 0,200 04250 6095 2209 951 160 04,92~
6=1H 40000 1700 7000 4,150 0,200 0250 6099 2484 1191 150 75¢32-
6=1J 44000 650 7000 34350 00200 0e250 5262 3014 1651 165 55457~
6=2J 40000 650 7000 54500 04292 00250 5510 3000 185Q 416 113.5
6=3J 40000 650 7000 2000 00100 0.250 4860 2993 543 66 27e56-
6=4J 4,000 650 7000 3 9
6=5J) 40000 650 7000 2,500 04150 00250 5050 3019 A74 9 36.96-
____b=1Xx 4. 11 7 7
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6=2X 40000 1120 7000 24000 00200 04250 5401 2986 142 30 2777
6=4X 40000 1120 7000 40000 04200 04250 5083 2993 406 190 7136
O:CX 40000 1120 7000 5.000 04250 0,250 6004 3001 706 300 99,70
C:OX 40000 1120 7000 64000 04250 00250 5876 2118 469 300 132.2
O:ZK 44000 2400 7000 3.250 00200 04250 6099 1822 348 3=T 53%.02
‘:QK 44000 2400 7000 14750 00150 0e250 5982 2906 1435 ::1 2%.42
C:OK 40000 2400 7000 4,000 04200 0.2%0 6102 1228 110 T2 T1e36
6=1L 12400 1700 7000 3:000 00200 0.2%0 6107 2638 563 68 1006
O:SL 12000 1700 7000 24500 00160 04250 6080 3047 912 56 8196
OEQL 12000 1700 7000 40000 04200 0,250 6106 1675 3:: Aggr ;::i:.
6=1M 24400 1700 TO00 24616 0e125 0,250 6108 2808 1284 54 15504
G:SM 24400 1700 7000 30000 00125 04290 6114 2483 1136 60 1798
6=5M 24000 1700 7000 24000 04180 00250 5923 2934 334 34 118.0
C:IN 40000 1700 8000 10620 00110 00250 6100 2477 531 ;: :;:::-
6=3N 4000 1700 8000 1.250 0.080 0,250 6020 3045 2015 16 15,60
C:IP 44000 1700 6500 64000 04236 04250 5890 3000 2250 419 132.1
: 44000 1700 6500 2,150 001:6 04250 5490 3016 1797 26 30025
6-20 1000 2250 7000 24000 0¢150 00250 5668 3010 290 61 14019
0-60 1,000 2250 7000 34000 00150 0.2%0 5658 3006 6:: :}4 27042

=40 :.ooo ivoo 7500 40060 00200 04250 6102 8% 91 59  72.9)
6=60 44000 1700 7500 24250 04155 00250 6104 2577 594 43 32.10
6=1R 12400 1360 7000 34150 0170 04250 6039 3013 1264 20 106+3
6=3R 1200 1360 7000 14500 04100 00250 5474 3019 199 26 48,81
6=5R 12,00 1360 7000 30250 0190 04250 6077 2991 294 73 11004
=TR 12000 1360 7000 40000 04150 04250 6100 2500 120 1369
6-25 24000 1180 7000 34000 04150 o.zso 5966 3017 357 80 180.0
6=3 z~.oo 1180 7000 249 5 s S 979 249 $? 4;;;,;_
= 07000 2¢000 00100 0+ £50 623 2988 310 1) 117,
26. 11 1025 18 12066
=1U b, 480 7000 34250 04280 00250 6093 2984 80 " 02.00
& » 80 45,99
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%
!
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Appendix II

6=3U 84000 1480 7000 1.500 04075 04250 5523 2992 291 24 33,01 —
——_&=Al 8,000 1480 7000 z.zgg 0150 06280 2991 zg.‘ 321 32 Shehl

6=3U 8,000 1480 7000 44000 04150 04250 6099 2437 427 121 10246 —
6~1W 18400 1240 7000 34350 04200 06250 6067 3020 286 99 15848 —
- 39 90.76
6-=3W 18,00 1240 7000 1,500 0e¢150 0e2%0 5387 2993 113 24 6284 —
121 187.9
6=5W 18400 1240 7000 34750 00150 04250 6101 2042 479 115 174¢2 —
——6=6W 10000 1240 7000 3,500 00280 04250 40 2983 80 106 167.2
6=7W 18,00 1240 7000 24750 06100 04250 8923 2996 529 69 127¢2 —
6=12 44733 1218 7000 3,000 04150 04250 5816 2998 469 101 52618 —
- 00250 5883 3007 749 123 99,29
6=12244733 1218 7000 3,200 04120 04250 5865 3012 712 116 54026 —
—__6-13264733 1218 7000 30220 04130 00250 5867 3008 653 117 56,76
6=22 64700 615 T000 2,000 064120 06250 4892 3023 402 61 3976 —
- 000290 51353 2992 314 103 98.42
6=1126700 615 7000 24800 00150 04250 5174 2997 506 107 5981 —
- 112
6=32 94610 304 7000 14000 04100 00250 ‘ 3742 2980 314 34 25048 —
- 10 304 7000 24000 04200 00250 4240 3008 281 88 52,79
6-10294610 304 7000 24500 00150 04250 4419 2996 604 123 68,21 —
- 0.306 7000 2,600 04140 0a250 4435 2997 498 131  §7.94
6=42 1100 205 7000 06750 04100 04250 3446 3009 330 3% 23049 —
6=92 11488 205 7000 24000 00150 0e250 3949 3009 593 115 63%.10 —

——6=16111 08 204 7000 2,070 02150 04250 3968 2008 621 121 61490

TUNGSTEN=-ASBESTOS-TITANIUM _—

— —6=2Y 4,000 1700 7000 34600 0+090 04250 6099 2779 1037 129 59,89

TUNGSTEN=-ASBESTOS=TUNGSTEN —_

- 98 50438
TUNGSTEN-ATJ GRAPHITE~TUNGSTEN —
——A=4Y 4,000 1700 7000 14000 2,000 04250 . . 6101 A4A8 2822 109 19,09
—  TUNGSTEN-ASBEST0S=-6130 STEEL
10-A 4.000 1700 8000 04940 00162 04250 6116 3868 83 15 11.%0—
11=A 44,000 1700 8000 0.500 0e112 04250 6160 4970 89 6075 6026 —
L1 1700 7000 10125 Oellé 00250 61195 4806 346 30 13490
13<A 40000 1700 8000 0,820 04115 0250 5560 3090 86 s 10616 —
—21=A 4,000 2350 8000 1003% 00067 00250 6100 2681 138 9 12060
21-8 44000 2350 8000 04632 00049 06250 5541 2771 122 4 Te53 —
-A & 6
22-8 44000 650 6300 3.soo 00100 00250 5013 2960 1348 200 58460
0 ... 3771 3187 220 A @ 6e62
23-C 42000 650 6000 60808 04353 04250 4332 924 128 250 161.9—
— 23=A 26400 1670 0000 )o289 0+50) 0250 . 6138 2918 80 14 18,20
23-B 40000 2390 8000 1,015 0065 04250 6118 2737 139 8,75 12433—
- EN=-ASBESTOS(K=000609C=0,116)=6130 STEEL
1-A 4,000 1700 7000 3,350 04194 04230 6094 3001 170 103 %5.31—
42000 1700 7000 10630 .00048 00250 . ... .. 6085 2999 665 . . _ 114 21460
TUNGSTEN-ASBESTOS(Co00116)~4130 STEEL

0 20350 04402 05230 .___ _6094.2996.207. .. 115 . 53.81

—3=A 4,000 1700 700
TU“GS'EN-ﬂS'EStOS(K'1.5000('0.116'-‘130 STEEL

— 6114 2909 361 = 123 57,47
b-l 40000 1700 7000 1¢650 04486 00250 5664 2988 254 3 22047
- — 5887 3001 243 == 56 33,43
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Appendix II

4=D 44000 1700 7000 2,910 Qo842 00230 6042 2994 318 e 47,19
5«A 4.000 1700 7000 34350 0,530 0.250 6140 2993 392 138 56,22
S~C 40000 1700 7000 24250 04395 04250 5918 2993 398 61 32.72
TUNGSTEN ( K = 100 )=ASBESTOS~4130 STEEL
-| [] 3234
20-E 44000 1700 7000 14165 04200 04250 6105 1623 80 11 14461
= 10 32.18
17=M 44000 1700 7000 24250 04150 04250 6104 80 80 20 32:18
[ ] - -
20=M 44000 1700 7G00 14165 00100 00250 6102 2044 147 a3 14,43
1 24 22,18

TUNGSTEN(K=25¢)=~ASBESTOS-4130 STEEL

- 6093 2787 82 2 2R 14,43
TUNGSTEN ( K = 300 )-ASBESTOS-4130 STEEL

20=F 44000 1700 7000 1¢165 04200 04250 5998 2983 90 26 14461
= 21 32,08

TUNGSTEN(K=500)~ASBESTOS-4130 STEEL
— = 3 18 14,61
17=E 44000 1700 7000 24250 04150 0.250 6020 2988 278 62 32.18

L] EN{K=800)-ASBESTOS=4130 STEEL
20=K 44000 1700 7000 1¢165 00100 04250 509% 3065 132 14 16,49
17=J 40000 1700 7000 24250 04150 0,250 6094 4301 489 73 32.18

TUNGSTEN(K=2009C=000453)-ASBESTOS-4130 STEEL

17-A 44000 1700 7000 24250 00150 04250 6100 302 84 52 32418
93 146 o6 14,52

=y 42000 170
TUNGSTEN(K=3040+C=040653)-ASBESTOS-4130 STEEL

20-G 44000 1700 7000 5 00200 0,2 9 47 14,8)
T 21=C #4000 1700 7000 %izgo 00150 04250 6103 1562 212 9% 68,87

TUNGSTEN(K=5009C=000653)-ASBESTOS~4130 STEEL

17-8 44000 1700 7000 24250 00150 04250 6013 2994 3509 113 32,18
S— 1L -5 | Lbabh
TUNGSVEN(K-.O-O.C'OOOCSSD-k$858708°6130 STEEL

A0 32,18

20-“ 40000 1700 7000 14165 04150 0,250 5063 3025 120 25 14,52
——JUNGSTEN(K®110400C=0,0433)-ASBESTQS-4130 STEEL

17-N 4.000 1700 7000 2.250 0.150 0.250 5295 3012 304 66 32.18

" o__ h1Q L) 4L !

. "% 000 00 ' 196 299 3 3¢ ol
..=ﬁ;11=x_a.nnn_11nn_1nna_z.zsn_n.1sn_n.zan______Anaa_Anz;_szn______zz____az.st
TUNGSTEN(K=150400C»0.0653)~ASBESTOS~4130 STEEL
_%;__llzn_sannn_llnn_lnnn_z;zzn_n.zzn_n.zzn____m__Aann_z1lA_zss_______sa____xzaxl.
J_17-0 4,000 1700 7000 20250 0150 04250 6104 5199 1229 128 32,18
- - :
17=L #4000 1700 7000 26250 00150 04250 6095 5168 654 70 32018
TUNGSTEN-ZRO-4130 STEEL (MERM MOTOR DESIGN DATA)
7=1A 04700 1310 6187 10200 Qo450 00250 5319 4600 624 105 687
T 7=2A 04700 1310 6187 04060 04300 04250 4862 4743 80 Y 0063
7-3A 04700 1310 6187 14000 00345 04250 ___sz1g_~quppzc 76 4e93
TTTTYS3B 064700 1310 6187 14000 0358 04250 32804606 $00 Yo aedé

T=4A 0.700 1310 6187 00800 00375 0.250 5219 4591 508
[ ]
7=5A 0.700 1310 6187 04600 00316 00250 5162 4612 23¢ 30 2062
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Appendix II
- i
7-58 064700 1310 6187 04600 00226 00250 5169 4625 009 30 207 :
768 04700 1310 6187 04450 0e175 00250 5057 4508 79¢ 16 170
- , 10 188
7-78 04700 1310 6187 04300 00131 04250 4993 4610 816 10 113
7=88 00700 1310 6187 04150 04082 00250 4047 4602 844 . 0069

7=4C 00700 1310 5600 04800 0303 Qo115 5002 g;.. 837 10 ;.ge
7=5C 00700 1310 5600 04600 00238 0,115 4955 49593 345 a2 2.1
——1=6C 04700 1310 5600 0430 00183 00113 4906 4587 518 26  led7

7=~6C 00700 1310 56

T=7C 06700 1310 5600 00300 0155 00118 4840 4383 311 16 Q92
- ) 4795 4437 1p) A
A RAPH]TE=ZRO= L ‘
27=A 40000 2990 8000 0565 04087 06250 6640 4314 249 s 1096 :
TITANIUM CARBIDE - ASBESTOS -~ 4130 STEEL
. 26=A 44000 650 _6000 14417 0a386 00250 5509 1081 102 200 6a%6
z¢-a 40000 650 6000 04998 00250 04250 5558 2395 347 200 4020
_.7000 Q140 04060 Qo7%0 _ __ _S455 1938 96 a —Jall ‘
TITANIUM CARBIDE-ASBESTOS(K=165000C. J01367-4130 STEEL '
I=A 42000 1700 7000 00140 CelT7 04250 = S648 1849 114 3 1al6

TITANIUM CARBIDE-ASBESTOS(C=04116)~-4130 STEEL

=A_%¢000.1700.7000 0a140.0a097
TITANIUM CARBIDE-ASBESTOS(K=14500)-4130 STEEL

15-A 4000 1700 7000 04140 02076 04250 5664 2072 91 3 188 !
____TITANIUM CARBIDE ( K _® 15+0 )-ASBESTOS~4130 STEEL
T 14<B 44000 1700 7000 0465 04100 04250 5656 1968 365 11 2049

o 15-=B 40000 1700 7000 0675 09092 04250 6108 275%% 17% 27 3a)&
15=C #4000 1700 7000 04650 06050 04250 6093 2792 446 26 2099
TITANIUM CARBIDE ( K = 2000 )-ASBE -4

T 24~C 44000 1700 7000 04927 0e129 04250 6100 2704 196 39 il

. 24=E 4,000 1700 7000 04900 04075 00250 . .__._6096 2832 400 38 .87 :

TITANIUM CARBIDE ( K= 30,0 )-ASBESTOS-QISO STEEL
. _14=C 44000 1700 7000 1471 Qe)58 00250 6101 2013 258 49 637 !

14=0 #4000 1700 7000 1¢450 04120 04250 6106 2884 390 o9 6e2l f
TITANIUM CARBIDE ( K s 5000 )-ASBESTOS-4130 STEEL _

%4000 1700 7000 24727 04213 04250 6100 2890 422 159 12.06 ;
24=F 4,000 1700 7000 24700 04200 04250 6102 2922 443 157 12068

TANTALUM CARBIDE-ASBESTOS-4130 STEEL
25-A 4,000 2390 8000 0226 0,043 04250 7052 2950 144 4 2067

;952 2000 650 6000 04464 05096 00250 2125 3014 2179 k] 3294
44000 630 7000 04236 04056 00250 5222 3064 182 8029 1463
3402 2998 306 = 80  Te81

TANTALUM CARBIDE ( K = 2000 )~ASBESTOS~4130 STEEL |

Zi-ﬂ 42000 L?%Q 7000 00927 00101 00250
TANTALUM CARBIDE ( K = 35,0 )~ASBESTOS~4130 STEEL

s-r & 1700 7 1 02188 00250 $103 2821 264 1) 18:12
#2000 1700 7000 1650 00100 04250 6109 3004 al8 33 1711
TANTALUN CARBIDE ( K = 5040 }-ASBESTOS~4130 STEEL !
29=E 4,000 1700 7000 24730 Oel168 04250 6090 2832 362 100 34493
TANTALUM CARBIDE ( K = 7040 )=ASBESTOS~4130 STEEL !
““”33=E“%7666‘I706'iboo 44210 04201 04250 6102 2970 600 195 39,89 !
T ATJ GRAPHITE-ASDESTOS-4130 STEEL
26=A 4,000 2390 8000 10154 0,082 04250 6712 2746 133 16 2473
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20=8 4,000 1700 7000 0¢770 04067 00250 5170 3064 195 9 2011

20=D 4,000 650 6000 20000 04100 04250 4533 3000 742 14 4039

IO:F 4¢000 2590 8000 1000 0,050 0,250 6432 3138 250 11 2045 ¢
135 25 4439 f

1 EN -~ GRAPH - A T -

18=A 4,000 1700 7000 04250 04300 04100 04250 5016 4013 2937 935 & 418
18=A 4, 1700 7000 ‘ 1
10=8 4,000 1700 7000 042950 1,000 04100 00250 5542 4762 3032 173 20

18=C 4,000 1700 7000 0250 14500 04100 Oe250 5803 3151 2998 301 97

16=L 40000 1700 7000 04250 24000 04050 04250 5998 5447 3012 1014 63 686
[ 100 7 000 697 91 .
16~V 44000 1700 7000 00250 24750 00100 04250 6105 5611 2813 T0é 101 8.69

Q00 04230 3,000 0,030
16=V 44000 1700 7000 06250 34500 004100 04250 6102 5606 2236 648 1260 10004

%%-E 4+000 zfoo 7000 00250 64000 04100 04250 6101 5602 850 366 1,1 1*.12
—16=G 4,000 1700 7000 04300 1000 04100 00250 3686 4392 3100 290 28 7.76

=G &
16=H 4,000 1;00'7000 00500 24000 00100 04250 6037 5038 3019 3502 74 %81 :
16=J 44000 1700 7000 04500 24500 0050 04230 6104 5174 2824 1314 103 10,87 i

16=X 4000 1700 7000 0¢500 34500 04100 00250 6104 5169 2136 652 136 1369

16=0 44000 1700 ?

16-174.000 1783_5000 00750 24000 00100 04250 6071 4723 3005 675 O8 12,92 ~
—16-1 4,000 )700 7000 04730 2,500 0,100 04250 6100 4780 2719 781 111 14,15 ¥

16=Y 4,000 1700 7000 0o750 3,000 0,100 04250 6101 4776 2353 698 129 15,47 £

e e o

e A

JE R S

49000 1 0
40000 000 14000 04500 00100 04250 5601 3391 216 26 13,07 ;
8=F 4,000 17 4

Q 0
16=F 4,000 1700 7000 1000 14000 04100 04250 5850 3869 3041 375 46 14,08
18=p 44000 1700 7000 14000 14000 04100 04250 6106 4558 3873 682 63

i

16=N 4,000 1700 7000 ) 00 0ol 250 5993 & 9 g
“'TIEE'?J%bo 1Too 7003 10000 24000 04100 00250 6110 4481 3008 781 104 16630 ;
{

16=0 44000 1700 7

16=C 40000 1700 7000 10000 24350 04100 00250 6102 4435 2700 752 116 17,18
—16=P 4,000 1700 7000 12000 24300 00100 0250 4103 444

16=R :.ooo 1700 7000 14000 34000 04100 00250 6102 4426 2237 698 139 18,94

18=G 4.0 00 7000 14000 40500 04100 00250 6100 4402 1338 4463 175

4 7 100 4396 743 284 189 29,22 \
18=) 44000 1700 7000 2¢500 00500 004100 0¢2%0 6059 3139 2999 7486 98 o
16-B 44000 1700 7000 20500 0¢9%0 Q4180 04250 9

16-K 40000 1700 7000 24500 10500 00100 00250 6102 3035 2441 808 145
16-f 40000 1700 7 177
18=M 4,000 1700 7000 24500 34500 00100 04250 6101 2836 1321 3503 200
40500 00100 022350 4100 2794 342 211
16=A 40000 1700 7000 3.000 04300 0422C Ne250 6109 2985 2880 302 121 48,79

TUNGSTEN(K=2540)=ATJ GRAPHITE-ASBESTOS=4130 STEEL i
"11=§‘i73§6‘§766‘3633'15%35 0¢500 00100 00250 6090 4622 4017 468 42 !
8=$ 450 .
= 0 7000 10000 14000 00100 0250 6002 4484 3019 43
10U 45000 1700 7 1
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18=V 40000 1700 7000 14000 24000 00100 00250 6099 4443 1236 93 78
18=X 4,000 1700 7000 1,000 3,500 00100 04250 6098 4432 307 99 80

- IEEL

19=H 4,000 1700 7000 00750 00750 06100 00250 5944 4443 2972 369 oS 104847
19=) 44000 1700 7000 14000 06800 00100 04250 6030 4313 3020 %502 65 16028°
19=F 44000 1700 7000 14000 16000 06100 06250 6101 4481 2447 %91 82 14,867
19=D 44000 1700 7000 16000 24000 04100 00250 6105 4435 1328 323 114 10,367
19=8 4,000 1700 7000 3,000 0¢3%50 00200 04250 6104 2944 2706 342 129 40,76°
19=A 4.000 1700 7000 3+350 Q0250 00220 00250 6101 2768 268] 316
TUNGSTEN=BEO(K=15+ }-ASBESTOS=4130 STEEL -
TUN E - E = A
28=E 4,000 1700 7000 04250 14500 00100 00250 5229 4401 726 87 24 673 °

8=D & 1 7 & &
28=B 4,000 1700 7000 0+¢750 2,000 04010 00250 5542 3357 2997 2626 88 14,0%°
28=J 44000 1700 7000 0¢750 34000 04100 04250 6102 4765 1626 601 190 17.70°
20=N 4,000 1700 7000 10000 14000 04100 04250 5970 4115 3021 60 ” 14 667

8=H 4400 7
28=A 4,000 1;00 7000 10000 24000 04100 04250 6080 4363 2326 767 150

?

28=L 4,000 1700 7000 1,000 3,000 0,100 04250 6101 4403 1537 587 200 21.30°
_JUNGSTEN - PY = PYRO GRAPHITE -~ 4130 STEEL
30=A 4,000 1700 7000 1000 24000 04200 04250 5772 3510 2996 170 108 15.82°
30-€ 40000 1700 TO00 14000 10000 00200 00250 6099 4504 4318 177 @87 14076
30=8 40000 1700 7000 0750 24000 0.200 00250 5634 3644 3011 138 88 16,1%°
30=-F 44000 1700 7000 04750 14000 04200 04250 6098 4828 46135 158 79 11064’

=C 40000 1700 7000 0a%$90 2,000 02200 00250 6106 5
30=G 4,000 1700 7000 04500 1000 04200 06250 6101 5200 4955 97 63 .p’.
30~-H 44000 1700 7000 06250 14000 0,200 04250 6095 5607 5317 115 30 5¢%9
PYRO GRAPHITE - PYRO GRAPHITE - 4130 STEEL

=A 1 5 3] 3027
31=A 40000 1700 7000 20000 04150 04250 6625 6342 1163 150 5¢27

00130 0250 5382 4415 329 88  6.4)

31-8 4.0 1700 7000 24300 00150 0,250 6700 6420 19351 236 6e6)

1=C 4. 1700 7 00 00250 6704 6317 1689 113 3,94
31D 40000 1700 7000 06500 00100 04250 6697 4493 343 28 1,92
PYRO GRAPHITE - OORON CARBIDE - ASBESTOS - 4130 STEEL
32<8 4,000 1700 7000 14000 20000 04100 0250 5268 4301 999 164 64 8939
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TUNGSTEN-PYRO GRAPHITE=-ASBESTOS=4130 STEEL
28930 13.26
33=8 4,000 1700 7000 1000 14000 04100 04250 5632 3272 3004 448 52 16046
I8 15,78

330 44000 1700 7000 14000 24000 04100 00250 3776 3518 2997 671 109 1723
33=F 44000 1700 7000 14000 34000 00100 04250 5860 3724 3006 1311 186 20,15

33=H 4.000 1700 7000 04500 14000 04100 04250 5227 3457 3002 260 29 8.11
5343 3455 3004 432 A7 9,31

- 11c0 7000 -
33K 44000 1700 7000 04500 24000 04100 04250 5434 3821 3005 586 69 10063
08

33=M 4¢000 1700 7000 04500 34000 0¢100 04250 5567 4077 2996 964 123 13.66

CASE DIA  MAT=1 MAT=2 MAT=3 MAT=4 MAT=5 T1 T2 T3 T4 15 OUR T

6=7000)
22
34-C 44000 04500 14000 14000 04100 04250 6101 5169 3696 2928 810 112

TUNGSTEN=ATJ) GRAPHITE-BORON CARBIDE-ASBESTOS-4130 STEEL (HTC*1700sT
- 1
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